A contribution of bacterial endotoxin to the development of irreversibility in experimental hemorrhagic shock has been postulated, but neither the importance of this factor nor the mechanism involved has been fully established.
Schweinburg et al. (1) reported the presence of a "toxin" in the blood of animals in advanced hemorrhagic shock. "Shock blood" from such animals caused death when administered to sublethaUy hemorrhaged animals, but had no obvious deleterious effects on normal animals. Subsequently, Ravin et al. (2, 3) isolated this material, which had the biological properties of a bacterial endotoxin. Accordingly, it was suggested that absorption of Gram-negative bacterial endotoxin from the ischemic intestine may contribute to irreversibility by overwhelming body defences already compromised by hemorrhage. Support for this hypothesis was provided by evidence of a protective effect of prior bowel sterilization by antibiotics in dogs subjected to hemorrhagic shock (4) (5) (6) and by the subsequent demonstration of detectable levels of P32-1abeled endotoxin in the blood of irreversibly shocked animals (7) . Furthermore, sublethal experimental shock was reported to render animals highly susceptible to the lethal effects of exogenous endotoxin (8, 9) , whereas induced tolerance to endotoxin markedly increased resistance to hemorrhagic shock (10) . As a corollary of the above observations, Smiddy et al. (11) implied that the salutary effects of dibenamine in hemorrhagic shock might be attributed to a direct antiendotoxic action.
In contrast to the observations outlined above, Hardy et al. (12) could not demonstrate protection against hemorrhagic shock by prior administration of antibiotics to dogs, and Sanford and Noyes (13) observed no increased absorption of Cr61-1abeled endotoxin from the bowel of dogs subjected to irreversible hemorrhagic shock. In addition, the latter investigators could not demonstrate an increased sensitivity of their hemorrhaged animals to the lethal effects of exogenous endotoxin, and Greisman * Portions of this study were included in a preliminary report to the 1958 Fall Meeting of the American Society for Pharmacology and Experimental Therapeutics, and in a thesis presented by Murray W. Hollenberg in partial fulfillment of the requirements for the B.Sc. (Med.) degree, University of Manitoba.
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593 (14) felt that the increased sensitivity he observed could be attributed to factors ancillary to the actual shock procedure.
Irrespective of the specific relation of endotoxemia to irreversibility in hemorrhagic shock, it is clear that administration of adequate doses of endotoxin can itself induce shock, and a similar picture can be produced in infections by Gram-negative organisms (15, 16) .
Although the mechanisms by which endotoxin produces its effects have not been clearly delineated, several characteristic responses suggest that the sympathetic nervous system may be involved. These include increased vasomotion, which can be inhibited by dibenamine or dihydroergotamine (17) (18) (19) , and the Shwartzman phenomena, peculiar to endotoxin, which also appear to have an important adrenergic component (20, 21) .
I n view of evidence indicating an adverse role of adrenergic vasoconstriction in the development of shock (22) (23) (24) , it may reasonably be postulated that the deleterious effects of endotoxin are due not t o a direct tissue toxicity per se, but rather are secondary to an increased responsiveness to adrenergic stimuli. I n order to assess more completely the role of adrenergic factors in the effects of bacterial endotoxin, we have investigated the effects of bacterial endotoxin on responses of intact animals and of isolated vascular smooth muscle to epinephrine and to norepinephrine, and the effects of pretreatment with reserpine or phenoxybenzamine (dibenzyline) on the acute lethality of bacterial endotoxin.
Methods
Presser Responses to Epinephrine and Nerepinephrine.--12 female albino rabbits weighing 1.5 to 2.6 kg were given 10 mg (total dose) of crude Escherichia coli endotoxin (group I) or 60 t*g/kg of purified E. ¢o/i endotoxin (Difco Laboratories, Detroit, 0127 :B8) (group II), intravenously. Preliminary experiments demonstrated that these doses were adequate to prime rabbits for the generalized Shwartzman reaction. 18 to 24 hours later, the animals were anesthetized with barbital sodium (350 mg/kg, intraperitoneally). Blood pressure was recorded from a femoral artery by means of a pressure transducer and oscillograph. Graded doses of epinephrine and norepinephrine were administered intravenously as saline solutions of the bitartrate salts. An equal number of similar, but unpretreated animals served as controls.
In Vitro Responses of Isolated Vascular Smooth Musde.--Spirally sectioned strips of aortae from freshly killed rabbits were suspended in Krebs-Ringer solution alone or containing, 10, 20, or 50 per cent autologous whole blood or 10 per cent cells or plasma. The bath was kept at 37°C and was aerated with 5 per cent CO2-95 per cent 02. Isotonic contractions were recorded under appropriate loading. Mter a stable response to a standard concentration of epinephrine (5 × 10 -7 gm/ml) was obtained, an epinephrine dose-response curve was determined. The strips then were exposed to 1 × 10 -e gm/ml purified E. ¢oli endotoxin in the same medium as that employed during the control period. Mter a 20 minute exposure to endotoxin, the doseresponse curve for epinephrine was redetermined. The strips were washed between exposures to epinephrine and endotoxin was present in the bath fluid between and during tests. In other experiments the response to a single selected dose of epinephrine was determined following a 20 minute exposure to endotoxin (1 X 10 -s to 8 X 10 -¢ gm/ml) and was compared with control responses obtained before exposure to and 20 minutes after removal of the endotoxin.
Acute Lethality of Endotoxin.--Female albino rabbits (1.2 to 2.5 kg) and Swiss albino mice (18 to 24 gm) were used throughout. All agents were administered intraperitoneally to mice and intravenously to rabbits.
Reserpine Pretreatment. Incubation Experiments in Vi~ro.--The reaction mixture contained: 22.5 nag of dibenzyline and 22.5 mg of purified E. coli endotoxin in 3.75 ml of 50 per cent ethanol-water. Sodium bicarbonate (27.5 rag) was added to keep the medium slightly alkaline, and thus permit rapid transformation of dibenzyline to the reactive ethylenimonium form (25) . The mixture was stirred slowly at room temperature for 18 hours, at which time little or no active dibenzyline could remain (25) . At the end of the incubation period, 4 groups of 6 mice each were injected with graded doses of the solution. Equal numbers of animals were injected with the same doses of control solution prepared and incubated as above except that dibenzyline was omitted.
RESULTS i
Pressor Responses to Epinephrine and Norepinephrine.--Pressor responses of group I control and endotoxin-pretreated animals to epinephrine and nor-epinephrine are shown in Fig. 1 . Responses of the endotoxin-pretreated rabbits were significantly (P < 0.02) greater than those of the controls at each dose level of both agents. However, a significant (P < 0.05) difference in the basal blood pressures of control and test rabbits (79 :t: 6 versus 60 4-6 mm Hg, respectively) raised the question of a possible causal relationship between the lower blood pressure in the experimental animals and the greater pressor responses to epinephrine and norepinephrine. Although analysis of data for individual experiments revealed no correlation between these variables, the experiment was repeated in 12 additional rabbits (group II), using purified rather than crude endotoxin. In this series, the animals were tested with epinephrine only. The results (Fig. 2) show the pressor responses again to be significantly (P < 0.05) increased over those of the controls. The basal blood pressures of experimental and control animals in group II were essentially the same (62 ± 3 and 61 4-5 mm Hg, respectively), confirming that the different pressor responses recorded from animals in group I were not due simply to the different basal pressures.
In Vitro Responses of Isolated Vascular Smooth Muscle.--Exposure of isolated strips of rabbit aorta to 1 >( 10 -~ gm/ml purified E. coti endotoxln in KrebsRinger solution for periods of up to a total of 4 hours did not alter the epineph- Responses to epinephrine were somewhat reduced when 10 per cent or more of whole blood or blood cells was added to the Krebs-Ringer solution. Addition of 1 X 10 -6 gm/ml purified E. coli endotoxin to either of these media resulted in a definite increase in responses to epinephrine over most or all of the doseresponse curve (Fig. 3) . The differences are more obvious in experiments employing 10 per cent blood cells, and in both the differences are somewhat 13/a0 greater with the higher doses of epinephrine. Addition of 10 per cent plasma, with or without endotoxin, to the Krebs-Ringer solution did not alter the responses to epinephrine.
The effect of endotoxin in a blood-containlng medium was more clearly defined in experiments in which the response to a single concentration of epinephrine in the presence of endotoxin was compared directly with immediately preceding and immediately following control responses. In every one of 50 tests on strips from 10 animals the response in the presence of endo-toxin was greater (P < 0.001). The increase due to endotoxin averaged 18 per cent and ranged from 6 to 46 per cent. Within the ranges studied, 1 to 8 × 10 -e gm/ml endotoxin and 10 to 50 per cent blood, there appeared to be no correlation between the concentrations of these materials and the magnitude of the augmentation by endotoxin. (Tables I and II) mortalities tended toward a bimodal distribution, which precluded comparison of the control and treated groups on the basis of LDs0 values calculated from dose-response curves. However, t h e relatively even distribution of animals between experimental and control groups at comparable doses of endotoxin made it possible to employ a chi-square analysis of the composite data. (The large group of control rabbits given 200/zg/kg of endotoxin in the experiments summarized in Table I would weigh against the significance of a difference.) Pretreatment with reserpine provided significant (P < 0.01) protection against the lethal effects of E. coli endotoxin in rabbits (Table I) and increased somewhat the survival rate in mice (Table II) , although the difference in this species was not statistically significant (0.1 > P > 0.05).
TABLE III

Effect of Dibensyline Pretreatment on Lethality of E. coli Endotoxin in Rabbits
TABLE IV
Effect of Dibenzyline Pretreatraen~ on Lethality of E. coli Endotoxin in Mite
Dibenzyline afforded significant (P < 0.05) protection in rabbits (Table  III) . Pretreatment with 6.0 mg/kg did not protect mice against endotoxin administered 24 hours later. However, 18 mg/kg doubled (44.3 versus 22.5 mg/kg) the LD~0 of E. coli endotoxin in this species (P < 0.001) ( Table IV) .
The LDs0 of the incubated dibenzyline-endotoxin mixture in mice was not
Effect o] In Vitro Incubation with Dibenzyline on Lethality of E. coli Endotoxin in Mice
Dose endotoxin mg/kg. different from that of the control endotoxin solution, indicating that dibenzyline did not inactivate E. coli endotoxin by any reaction demonstrable in vitro (Table V) . DISCUSSION The results reported above demonstrate that appropriate pretreatment with E. coli endotoxin can increase the pressor response to epinephrine and norepinephrine in intact rabbits, and that exposure to endotoxin in a medium containing whole blood or the cellular elements of blood can augment the response of rabbit aorta strips to epinephrine in vitro. Zweifach et al. (19) demonstrated previously an increased sensitivity of blood vessels in the rat mesocecum to topically applied epinephrine following administration of endotoxin. These results and the previously mentioned observation that adrenergic blocking agents effectively inhibit the increased vasomotion induced by endotoxin (17) (18) (19) and the Shwartzman phenomena (20, 21) strongly suggest that these effects of endotoxin are mediated through or are highly dependent on peripheral adrenergic mechanisms.
It is of interest that the addition of endotoxin to a bath fluid containing whole blood or blood cells increased responses of rabbit aorta strips to epinephrine, whereas it was entirely without effect when added to plain Krebs-Ringer solution, or to solution containing plasma. These results may help to explain the previously reported failure to demonstrate enhancement of responses to epinephrine by endotoxin in dtro in a simple salt medium (26) , and are entirely compatible with the observation of Hinshaw el a/. (27) , who found that the isolated canine lung failed to respond to endotoxin when perfnsed with gelatin or dextran solutions, but did so during whole blood perfusion. The nature of the interaction between endotoxin and blood elements to enhance responses to adrenergic stimuli is unknown, but the dependence of increased reactivityon multiple factors may explain the failure of others to demonstrate vasoconstriction or increased reactivity to epinephrine in isolated limbs of dogs (28, 29) , and the contradictory results obtained with perfused rabbit ears (19, 30) .
Several workers have observed that adrenergic blocking agents may protect against endotoxin toxicity. Lillehei and MacLean (15) found that dibenzyline or chlorpromazine markedly increased the survival rate of dogs given E. coli endotoxin, and ergotamine has been reported to protect dogs against many of the deleterious effects of Shigella endotoxin (31) . The failure of Noyes et al. (32) to demonstrate protection by dibenzyline against lethal doses of E. coli endotoxin in mice probably can be attributed to the relatively small doses administered intraperitoneally, which were inadequate to maintain a substantial adrenergic blockade after the time interval employed.
Protection against endotoxin toxicity by pretreatment with reserpine or dibenzyline appears to be attributable to alteration of contributing adrenergic mechanisms rather than to any direct antiendotoxic action. Reserpine disappears rapidly from body fluids (33) and dibenzyline is known to react rapidly at body pH to form inactive products (25) . Consequently, it is most unlikely that appreciable amounts of either of these agents were present 24 hours after their administration, at the time of challenge with endotoxin. However, with the doses employed, inhibition of responses to adrenergic nerve activity due to catecholamine depletion or a-receptor blockade would persist. In addition, dibenzyline failed to alter the toxicity of endotoxin under conditions of in vitro incubation favorable for its reaction with many materials found in biological systems (34) . It is of special interest to note that reserpine has been reported to increase the toxicity of endotoxin administered 1 hour later (35) , at a time when the reserpine-induced release of catecholamines induces a variety of characteristic adrenergic responses.
Although the effects of reserpine on adrenergic mechanisms are more diffuse, dibenzyline very specifically inhibits adrenergic responses subserved by a-receptors (36) . The only such response which is of major importance to the body economy is vasoconstriction, and it is reasonable to assume that inhibition of endotoxin-potentiated adrenergic vasoconstriction is involved in the observed protection.
S U M~t R y
The possible involvement of adrenergic mechanisms in the effects of Escherickia coli endotoxin was investigated in several preparations. Appropriate pretreatment of rabbits with E. coli endotoxin significantly increased pressor responses to epinephrine and norepinephrine as compared to untreated controls. Exposure of isolated rabbit aorta strips to E. coli endotoxin in a medium conraining whole blood or cellular constituents of blood significantly increased the response to epinephrine. Endotoxin had no effect on responses to epinephrine in vitro when plain Krebs-Ringer solution was used.
Pretreatment with reserpine or phenoxybenzamine (dibenzyline) protected rabbits and mice against the acute lethal effects of E. coli endotoxin. The time period intervening between reserpine or dibenzyline administration and challenge by endotoxin precluded a direct antiendotoxic action of these agents. In addition, incubation of dibenzyline with endotoxin in vitro, under conditions which would favor reaction, did not decrease the toxicity of the latter.
These results indicate that peripheral adrenergic mechanisms are intimately involved in the effects of E. coli endotoxin and support the concept that deleterious effects of endotoxin in shock probably are due to exaggeration of existing vasoconstriction in an already compromised organism.
